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Abstract
The ability of the brain to extract meaningful information from complex sounds is what
allows mammals to understand species-specific communication as well as important
environmental cues such as the sound of water or of potential predators or prey. The
auditory cortex of humans and other mammals contains multiple cortical regions that
unique sensitivities to both spectral and temporal sound cues. This discourse will explore
three main factors proposed to determine these distinct processing capabilities in regard
to temporal sound cues; the distribution of glutamate transporters in the thalamus, the
architecture of afferent pathways between the thalamus and auditory cortex, and the
organization of patterns of neurons in the thalamus and cortical fields. It is hypothesized
that while the site from which thalamic input originates accounts for the majority of
variation between cortical fields, a combination of these properties is responsible for
producing the full breadth of temporal cue sound processing abilities seen in the brain.
Recognition of the importance of temporal cues in speech comprehension indicates that a
thorough understanding of the topic is imperative to the development of effective
cochlear implant technology.
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Introduction
Human and animal sound processing follows an evolutionarily conserved pathway from
the cochlea of the inner ear to the auditory cortex in the brain. After sound has been
received by the inferior colliculus it is relayed to the auditory cortices, or cortical fields,
in the temporal lobe of the brain via the medial geniculate body (MGB) of the thalamus.
The auditory cortex has been divided into distinct cortical fields based on best frequency
gradient reversals in the human brain as well as in that of other animals including
primates, cats, and rats (Formisano et al., 2003; Reale and Imig 1980; Lee et al., 2016;
Read and Reyes 2018).

Speech sounds contain spectral, or frequency-dependent, cues and temporal, or timingdependent, features. This allows for the processing of complex species-specific
communication sounds as well as the recognition of other important environmental
noises. There are a number of factors impacting how and where different aspects of
sounds are integrated in the auditory cortex thus indicating potential explanations for the
observed differences in sensitivities to sound cues across cortical fields. The distribution
of two types of vesicular glutamate transporters, VGLUT1 and VGLUT2, for example,
has been shown to be unequal across regions of the thalamus projecting to the auditory
cortex (Ito et al., 2012; Storace et al., 2012). In conjunction with this, research has
indicated that thalamic neurons exist in multiple frequency-sensitive gradients called
cochleotopies and that the primary input to each cortical field in the brain stems from a
distinct cochleotopic neuronal population (Read and Reyes 2018). The organization of
neurons within the brain and thalamus also exist in complexly connected networks of
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excitatory and inhibitory neurons, which are able to relay and thus encode signals in
diverse ways (Levy and Reyes 2011).

This paper will address the details and proposed roles of these aspects of thalamocortical
anatomy and physiology in specific relation to how they impact the brain’s ability to
extract temporal cues from sound thus allowing humans and animals to communicate. It
has been shown that the temporal cues contained in speech sounds are significantly more
important than spectral information in the identification of words and sounds (Eggermont
2001). Therefore, the relevance of such research will also be discussed in relation to the
advancement of cochlear implant technology, which restores hearing to tens of thousands
of individuals worldwide (Zeng 2004).

Discussion
Vesicular Glutamate Transporters
In the central nervous system, vesicular glutamate transporters (VGLUTs) are responsible
for packaging cytoplasmic glutamate, a neurotransmitter essential for excitatory
transmission in the auditory pathways, into vesicles for release into the synaptic cleft.
Research originally suggested that type 1 transporters (VGLUT1) were located only in
layers I-III of the CNS and type 2 transporters (VGLUT2) were found in layer IV (LiguzLecznar and Skangiel-Kramska 2007). We are now aware, however, that there is a more
complex distribution of VGLUTs in the neurons of medial geniculate body (MGB) of the
thalamus, as well as other structures comprising the auditory pathway.
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VGLUT2 expression is high throughout regions tied to the auditory pathway including
the medial geniculate body (MGB), inferior colliculus (IC), and suprageniculate nuclei
(SG) (Ito and Oliver 2010). Some of these areas experience co-expression of VGLUT1
while solo expression of this transporter type is rare in the thalamus (Ito et al., 2012). In
the rat brain, the ventral division of the MGB (MGBv) is the primary source of neurons
projecting to both the primary auditory cortex (A1) and the caudal suprahinal auditory
field (cSRAF). Retrograde tracing has shown that neurons projecting to A1 and cSRAF
originate primarily in the rostral and caudal portions of the MGBv, respectively. This
method found that 81% of rostral MGBv neurons express VGLUT1 in addition to type 2
transporters, while just 3% of caudal MGBv neurons express both types (Fig. 1) (Storace
et al., 2012). This axial pattern of distribution is similarly seen in the dorsal region of the
MGB (MGBd) along a dorso-ventral axis; where VGLUT1 expression decreases with
progression in the dorsal direction (Ito et al., 2012).

Figure 1: VGLUT1 expression patterns. VGLUT1 expression in the
MGBv follows a rostro-caudal axis in which expression is low in the
caudal portion of the MGBv (A) and high in the rostral division (B).
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VLGUT2 expression is uniformly high across this region. [Figure
adapted from Read and Reyes 2017]

It is hypothesized that dual expression of VGLUT1 and 2 in MGBv regions projecting to
the cSRAF could incite a larger and faster neuronal response to sound onsets as a result
of a higher concentration of glutamate being loaded into each vesicle (Storace et al.,
2012). The increased response caused by dual expression of both VGLUT types for A1projecting neurons may reflect the breadth of content extracted from sound in this cortical
field while other areas, like the cSRAF, respond to a smaller range of sound cues and thus
do not require dual VGLUT expression to fire reliably (Read and Reyes 2018; Storace et
al., 2012). Additionally, it has been shown that despite their nearly identical functions,
the combined expression of VLGUT2 and VGLUT1 may recycle vesicles at a faster rate,
enhancing the ability of glutamatergic neurons to provide high-frequency firing (Wojcik
et al., 2004). This could, in part, explain the differences in sound cue sensitivity among
cortical fields.

Multiple Parallel Thalamocortical Pathway Model
A parallel organization of information processing has been well established for the visual
system in which there are distinct sensory pathways for identification and localization of
visual stimuli (Lombar and Malhotra 2008). Thus, despite the historically presumed
model of afferent auditory thalamocortical pathways suggesting a single or serial
pathway of information, there has been scientific suggestion that a parallel pathway
model could accurately explain auditory processing as well. This older model, the single
inherited cochleotopy model, posited that one population of MGBv neurons projected to
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all cortical fields and that the unique processing capabilities of each field were due to
additional ascending pathways from the dorsal and medial portions of the MGB (Read
and Reyes 2018).

More recent research, however, shows that the majority (>98%) of neurons in the MGBv
are single-labeled with injection of tracers into two cortical fields (Read and Reyes 2018).
This is at odds with the notion that a single population of neurons projects the same
information to multiple cortical fields. The multiple parallel thalamocortical pathway
model (Fig. 2) presents a new schema that better fits analyses of neuron labeling and
explains sound processing by positing that unique populations of neurons from spatially
segregated portions of the MGBv project to each of the defined cortical fields (Read and
Reyes 2018). This is exemplified by research showing while both the rat A1 and VAF
receive the majority of their thalamic input from the MGBv, the projections come from
non-overlapping populations of neurons with less than 2% of single neurons projecting to
both cortical areas (Storace et al., 2010). A1 primarily receives afferent neuronal
connections from the rostral MGBv while VAF projections come from the caudal half,
with approximately 0.75 mm of separation between the two projection regions (Polley et
al., 2007).
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Figure 2: Models of thalamocortical pathways. It was previously
hypothesized that a single population of MGBv neurons projected to all
auditory cortices and small combinations of information from nonventral MGB regions responsible for differences in sound sensitivity
(A). A more modern schema, the multiple parallel processing model,
suggests that the MGBv contains multiple cochleotopies, which each
are the primary source of thalamic projections to a distinct cortical field
(B). Circles represent cortical fields and boxes represent neuron
populations comprising a thalamic cochleotopy. [Figure based on Read
and Reyes 2018]

A parallel processing model of the visual has long been accepted in which distinct
pathways govern identification and localization of an object in the visual field (Mishkin
et al., 1983). The auditory system has historically received less scientific attention but
thorough identification of distinct auditory cortical fields with unique sensitivities has led
to the hypothesis that auditory processing could follow a similar pattern. In a 2008 double
dissociation study, cat anterior and posterior auditory fields (AAF and PAF, respectively)
were independently and reversibly deactivated using cooling techniques to study their
roles in sound processing, essentially mimicking previous visual system dissociation
studies (Lombar and Malhotra 2008). The neurons of the cat AAF have been shown to be
particularly sensitive to frequency-modulated sounds, a temporal cue intrinsic to
communication sounds across species (Tian and Rauschecker 1994). The cat PAF is
comprised of neurons with spatial sensitivities important for sound source localization
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(Stecker et al., 2003). Discussion here will focus on the role of the AAF to allow cats to
determine differences in the temporal patterns of sound.

Three cats in Lombar and Malhotra’s study were trained to identify a noise burst
containing a random gap sequence as being either the same or different from a previously
learned pattern. Once all three animals were consistently preforming with above 75%
accuracy, the two cortical fields being studied were independently cooled via implanted
cryoloops and deactivated. It was shown that PAF deactivation had no impact on the
animal’s discrimination of the stimuli, while AAF deactivation decreased the cats’
performances to accuracies reflecting mere chance (Fig. 3) (Lombar and Malhotra 2008).
The marked distinction in processing abilities of the two cortical fields could be
explained by evidence indicating that the AAF and PAF receive their thalamocortical
projections from separate MGB neuron populations.
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Figure 3: Temporal cue discrimination. The abilities of three cats to
identify differences in temporal sound patterns is shown under normal
conditions (white bars), with PAF deactivation, (light gray bars), and
with AAF deactivated via cooling (dark gray bars). Each cat preformed
1,000 trials. [Figure from Lombar and Malhotra 2008]

In the rat brain multiple cochleotopies in the MGBv have been discovered, which each
project to different cortical regions of the brain and provide varying sound processing
abilities. For example, the caudal suprahinal auditory field (cSRAF) receives the majority
of it’s neuronal projections from the caudal portions of the MGBv while the rat VAF
receives projections primarily from a population of neurons in the middle of the MGBv
(Read and Reyes 2018). Modulation frequency sensitivities as well as encoding time has
been shown to be distinct for these two non-primary cortices and it is hypothesized that
these differences are owed to their separate thalamocortical pathways (Lee et al., 2016).
Based on this knowledge, the clear segregation of PAF and AAF physiology can be
hypothesized to have a similar underlying anatomic explanation; the population of

Smith 13
thalamic neurons that projects to the cat PAF and AAF likely represent separate
cochleotopies of the MGB. In support of this, it has been show that these two cortical
regions receive a majority of their neuron projections from different regions within the
thalamus; PAF- and AAF-projecting neurons originate primarily from the posterior and
rostral regions of the cat MGBv, respectively (Stecker et al., 2003; Morel and Imig 1987).

Local Circuitry
Physiological and computational studies suggest that local circuits of neurons of the
auditory cortex work in combination with the unique afferent thalamic pathways to allow
for specific sound processing characteristics across cortical fields. On the cortical level,
excitatory and inhibitory neurons are arranged in systematically connected networks with
distinct properties of synaptic conductance. These receptive fields exist along a spectrum
of network architectures ranging from lateral inhibition to co-tuning (Levy and Reyes
2011). When an excitatory thalamic signal reaches an activation area the adjacent
excitatory and inhibitory neurons are then activated, either proliferating or inhibiting the
dissemination of the signal. In lateral inhibition, inhibitory neuron signals cover a larger
area of cortical space than excitatory signals while in co-tuning, inhibitory and excitatory
neurons interact with adjacent neurons over the same radius (Fig.4 A,B) (Read and Reyes
2018). The pattern of synaptic conductance employed determines the duration and
magnitude of the stimulated response.

The distributions of neuron network patterns are non-random and have been shown to covary with characteristics of the thalamic cochleotopies from which they receive input. As
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discussed, cortical fields receive projections from different populations of thalamic
neurons even though these neurons may be sensitive to the same range of frequencies. In
the MGBv, however, the spatial resolution of these thalamic cochleotopies can vary. For
example, in the rat MGBv, neurons projecting to VAF are entirely segregated according
to the sound frequency they sense; neurons labeled for low- and high- frequency
sensitivities (4.5 and 30 kHz, respectively) are completely separated by a gap, which
contains middle-frequency projecting neurons. A1-projecting thalamic neurons however,
do not exhibit a dramatic gap between and low- and high-frequency mapped regions;
there is extensive overlap of 4.5kHz and 30kHz labeled neurons (Fig.4 C,D). Cortical
regions like VAF, which receive input from highly resolved thalamic cochleotopies tend
to exhibit lateral inhibition while cortical regions like A1, receiving projections from
broad fields, are more likely to exhibit a co-tuned configuration.

Smith 15

Figure 4: Lateral inhibitory vs. co-tuned neuron networks. Laterally
inhibited neuron networks exhibit signal-terminating responses from
inhibitory neurons (red circles) over a distance greater than the reach of
excitatory neurons (blue triangles) while co-tuned networks
demonstrate inhibitory and excitatory responses over the same cortical
distance (A, B). Thalamic cochleotopies with high spatial resolution,
like in VAF-projecting regions of the MGBv, commonly project to
lateral inhibitory cortical networks while less resolved MGBv regions
are more likely project to co-tuned cortical regions like that of A1 (C,
D). [Figure from Read and Reyes 2018]

In addition to affecting a variety of frequency-tuning characteristics, large inhibitory
responses, as in the lateral inhibition network model, have been associated with increased
response timing reliability following the reception of sound stimuli (de la Rocha et al.,

Smith 16
2009). This suggests that cortical neuron network architecture could play a role in the
differential temporal cue processing abilities across cortical regions.

Cochlear Implants
Temporal cues are cited as being a particularly important element of sound in human
speech processing and comprehension despite an early scientific focus on spectral cues
(Eggermont 2001). Therefore, the study of temporal cue integration in the auditory cortex
is of specific interest in relation to the development and advancement of next generation
cochlear implant technology. The first cochlear implant, invented by Dr. William F.
House, was implanted in 1961 and became the first piece of medical technology to
restore the function of a previously lost sense in humans (Martin 2012). In the more than
half century since this groundbreaking invention the cochlear implant has become
increasingly complex and effective and now helps over 60,000 people across the globe
overcome full or partial hearing loss (Zeng 2004).

The devices work by converting an acoustic signal pickup by an external microphone to a
digital signal, which is then sent to the implant device. The implant converts the digital
sound to an electric current, which then travels to electrodes that directly stimulate the
brainstem via a wire threaded into the inner ear (Zeng 2004). Because failure to convert
noise to an electrical signal in the inner ear is the most common reason for a loss of
hearing, this technology reliably restores the sense by bypassing this step.

Spectral cue processing is essential for humans to comprehend speech when it is coming
from multiple sources but in otherwise quiet conditions temporal cues are sufficient to
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accurately recognize speech (Nie et al., 2006). This was exemplified in a mid-1990s
study in which temporal envelopes, with spectral information removed, were played to
participants who were then asked to identify the vowel or consonant being presented. It
was shown that the listeners were able to identify the stimulus with over 90% accuracy
when spectral information was minimized, reinforcing the theory that temporal cues are
the primary perceptual clue in speech sound recognition (Shannon et al., 1995).

Issues still remain in the ability of cochlear implants to accurately employ phase locking
and stimulation of the correct regions of cortical cochleotopies (Moore 2003). Thus, an
increased understanding of thalamic and cortical organization in regard to sound
processing abilities has important implication in the way cochlear implant technology is
advanced.

Conclusion
The auditory system is a complex unit of structures that allows humans and animals to
process the many features of sound essential to understand communication and
environmental cues. Sound, itself is complex, with its combination of spectral and
temporal features and these elements cannot be processed via a single pathway. Sound
processing, instead, occurs by way of many distinct parallel pathways with unique
organizational characteristics. The medial gesticulate body of the thalamus, from which
most auditory cortex-projecting neurons originate, sends a unique parcel of sound
information to each cortical field in the brain. These neurons comprising these pathways
are all virtually non-overlapping suggesting that the thalamic population of neurons
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providing cortical input could be responsible for the difference in processing abilities
across auditory regions. Data from double dissociation studies supports the theory that
distinct characteristics of sound are encoded via different pathways. The neurons of the
thalamus also have varying properties that are hypothesized to contribute to their nonuniform sensitivities. The glutamate transporter, VGLUT2, plays an important role in
eliciting excitatory responses throughout the entirety of the MGB but the distribution of
an additional protein, VGLUT1, could offer insight into the differences between thalamic
cochleotopies. The rostral portion of the MGBv is rich with VGLUT1-expressing neurons
while the caudal region only expresses type 2 transporters. Dual expression of both types
of transporters could be responsible for increasing spike-timing reliability following
stimulation, and because the caudal and rostral MGBv project to separate cortical fields
this may help explain why cortical fields are optimally sensitive to the temporal elements
of sound. In addition to gene expression patterns there are elements of neuronal circuitry
that are inconsistent within the auditory system and offer further insight on sound
processing. In the brain, excitatory and inhibitory neurons co-exist in complexly
structured networks. The synaptic conductance of the inhibitory neurons may either
match or exceed that of the excitatory neurons thus altering the size and length of
responses to sound stimuli. Within the thalamic cochleotopies frequency-sensitive
neurons may have high or low spatial resolution and a direct relationship has been
indicated between cortical network organization and thalamic resolution of the associated
projecting neurons.
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The nearly complete segregation of thalamic neuron projections to the brain suggests the
thalamocortical pathway anatomy is primarily responsible for determining the
physiological processing abilities of cortical regions. This fits with research indicating
that the visual system is arranged in a similar manner and with experimental data that
demonstrated complete separation of sound localization and temporal cue discrimination
in the cat to the posterior and anterior auditory fields, respectively. There is a small but
still relevant amount of overlap within thalamocortical pathways in which a single
population of neurons projects to more than one cortical field. Thus, it follows that the
consideration of other anatomical properties could enhance the scientific understanding
of temporal cue processing. The distribution of glutamate transporters, cortical patterns of
excitatory and inhibitory neurons, and high and low resolution within thalamic
cochleotopies have all been thoroughly described and experimental results indicate their
ability to impact sound cue processing.

Further research to illuminate where and how sound is processed would include studies in
which several, rather than two or three, cortical regions are analyzed simultaneously
would serve to advance temporal cue processing understanding. This, in turn, will aid in
the improvement of cochlear implants, which allow individuals with partial or total
hearing loss to experience functional hearing. It is clear that speech comprehension is
virtually impossible without the transmission of temporal cues and thus a deeper
understanding of the anatomy that serves this purpose would prove beneficial for the
field.
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